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Association study of DNAJC13, UCHL1, HTRA2, GIGYF2 and EIF4G1 with Parkinson's disease
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Rare mutations in genes originally discovered in multi-generational families have been associated with increased risk of Parkinson's Disease (PD). The involvement of rare variants in DNAJC13, UCHL1, HTRA2, GIGYF2 and EIF4G1 loci have been poorly studied or produced conflicting results across cohorts. However, they are still being often referred to as "PD-genes" and used in different models. To further elucidate the role of these five genes in PD, we fully sequenced them using molecular inversion probes in 2,408 PD patients and 3,444 controls from 3 different cohorts. A total of 788 rare variants were identified across the five genes and three cohorts. Burden analyses and optimized sequence Kernel association tests revealed no significant association between any of the genes and PD after correction for multiple comparisons. Our results do not support an association of the five tested genes with PD. Combined with previous studies, it is unlikely that any of these genes plays an important role in PD. Their designation as "PARK" genes should be reconsidered.

Introduction

Parkinson's disease (PD) is clinically characterized by progressive movement disability, mainly bradykinesia, tremor and muscle rigidity, often accompanied by other motor and non-motor symptoms [START_REF] Jankovic | Parkinson's disease: clinical features and diagnosis[END_REF]. Common genetic variants of PD have largely been discovered through genome-wide association studies (GWAS), and to date 92 independent risk variants in 80 loci have been identified [START_REF] Foo | Identification of Risk Loci for Parkinson Disease in Asians and Comparison of Risk Between Asians and Europeans: A Genome-Wide Association Study[END_REF]Nalls et al., 2019). Other types of studies, including linkage and next generation sequencing studies in families with multiple affected family members with PD or other forms of parkinsonism led to the identification of familial PD-associated genes, many of them have received the alias PARK (e.g. PARK1, PARK2, etc.) [START_REF] Deng | The genetics of Parkinson disease[END_REF].

Five suggested PD-causing genes identified through family studies and cohorts, UCHL1 [START_REF] Lincoln | Low frequency of pathogenic mutations in the ubiquitin carboxyterminal hydrolase gene in familial Parkinson's disease[END_REF], GIGYF2 [START_REF] Lautier | Mutations in the GIGYF2 (TNRC15) gene at the PARK11 locus in familial Parkinson disease[END_REF], HTRA2 [START_REF] Strauss | Loss of function mutations in the gene encoding Omi/HtrA2 in Parkinson's disease[END_REF], EIF4G1 [START_REF] Chartier-Harlin | Translation initiator EIF4G1 mutations in familial Parkinson disease[END_REF]DNAJC13 (Vilariño-Güell et al., 2013), (also termed PARK5, PARK11, PARK13, PARK18 and PARK21, respectively) have been under scrutiny regarding their association with PD. Their discovery shares several similarities, including the presumed role of loss-of-function, missense mutations and dominant heritability (Nalls et al., 2019). Subsequent studies, in many cases, failed to replicate the association of these genes with PD [START_REF] Bartonikova | New endemic familial parkinsonism in south Moravia, Czech Republic and its genetical background[END_REF][START_REF] Gagliardi | DNAJC13 mutation screening in patients with Parkinson's disease from South Italy[END_REF][START_REF] Kruger | A large-scale genetic association study to evaluate the contribution of Omi/HtrA2 (PARK13) to Parkinson's disease[END_REF][START_REF] Nichols | EIF4G1 mutations do not cause Parkinson's disease[END_REF][START_REF] Nuytemans | Whole exome sequencing of rare variants in EIF4G1 and VPS35 in Parkinson disease[END_REF][START_REF] Sun | Lack of association between UCHL1 S18Y gene polymorphism and Parkinson's disease in the Asian population: a meta-analysis[END_REF]. However, ongoing studies, including those using cellular and animal models, continue to refer to these genes as PD-associated genes, and to invoke their function in PD-related mechanisms [START_REF] Chen | Mitochondrial HTRA2 Plays a Positive, Protective Role in Dictyostelium discoideum but Is Cytotoxic When Overexpressed[END_REF][START_REF] Tran | Drosophila Ubiquitin C-Terminal Hydrolase Knockdown Model of Parkinson's Disease[END_REF].

The primary goal of the present study is to use large cohorts of PD patients (n=2,382) and controls (n=3,411) to further examine the potential role of rare variants in these genes in PD.

Materials & Methods

Populations

Full sequencing of UCHL1, HTRA2, GIGYF2, EIF4G1 and DNAJC13 was performed in 2,408 PD patients and 3,444 controls, all unrelated, from three different cohorts: a) McGill cohort, including 855 patients and 2,441 controls from Quebec, Canada and Montpellier, France, all of European origin, b) Columbia cohort, including 963 patients and 508 controls from New York, Mainly of European or Ashkenazi-Jewish (AJ) ancestry, and c) Sheba cohort, including 590 patients and 495 controls of AJ ancestry collected at Sheba Medical Center, Israel. Demographic details on these cohort can be found in Supplementary Table S1. All subjects were consecutively recruited, and patients were diagnosed by a movement disorders specialist according to the UK Brain Bank Criteria [START_REF] Hughes | Accuracy of clinical diagnosis of idiopathic Parkinson's disease: a clinico-pathological study of 100 cases[END_REF] or the MDS criteria [START_REF] Postuma | MDS clinical diagnostic criteria for Parkinson[END_REF]. All patients and controls signed informed consent at enrollment and the study protocols were approved by the institutional review.

Genetic analysis

The entire coding regions of the five genes, including 5' and 3' untranslated regions (UTRs) and exon-intron boundaries, were captured using molecular inversion probes (MIPs), followed by sequencing as previously described [START_REF] Ross | Analysis of DNAJC13 mutations in French-Canadian/French cohort of Parkinson's disease[END_REF]. Supplementary Table S2 includes all the MIPs used to capture and sequence GIGYF2, HTRA2, DNAJC13, UCHL1, EF4G1, and the full protocol is available upon request. The library was sequenced using Illumina HiSeq 2500/4000 platform at the McGill University and Genome Quebec Innovation Centre. Reads were mapped to the human reference genome (hg19) with Burrows-Wheeler Aligner [START_REF] Li | Fast and accurate short read alignment with Burrows-Wheeler transform[END_REF]. Alignment, quality control and variant calling was performed with Genome Analysis Toolkit (GATK, v3.8) [START_REF] Mckenna | The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data[END_REF] and PLINK software v1.9 [START_REF] Purcell | PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses[END_REF] and ANNOVAR was used for annotation (Wang, K. et al., 2010). Minor allele frequency from European and Ashkenazi Jewish ancestries were extracted from the public database Genome Aggregation Database (GnomAD) [START_REF] Lek | Analysis of protein-coding genetic variation in 60,706 humans[END_REF]. The variants were filtered based on a minimum read depth ≥30X, a genotype quality (GQ) ≥30, genotyping rate cut-off for individuals was 90%, missingness difference between patients and controls was set at p=0.05 and adjusted by Bonferroni correction, proportion of the reads with alternative alleles ≥ 25%, and deviation from Hardy-Weinberg equilibrium was set at p=0.001.

Statistical Analyses

Burden and optimized Sequence Kernel Association Test (SKAT-O, R package) [START_REF] Lee | Optimal Unified Approach for Rare-Variant Association Testing with Application to Small-Sample Case-Control Whole-Exome Sequencing Studies[END_REF] were used to analyze the joint effects of rare variants (minor allele frequency, MAF ≤0.01). These analyses were performed on five groups of variants: a) all rare variant, b) functional variants, defined as all nonsynonymous, splice-site, frameshift and stop variants, c) loss of function variants, defined as splice-site, frameshift and stop variants, d) nonsynonymous variants and e) variants with Combined Annotation Dependent Depletion (CADD) score of >12.37, which is the threshold for the top 2% of predicted most deleterious variants. We repeated the analysis twice, at coverage of >30X and at coverage of >50X, to ensure high quality and confidence in the variant calls. Bonferroni correction for multiple comparisons took into account the number of groups tested (five), genes (five), number of cohorts (three), number of depth coverage (two) and number of statistical tests (two), which set the threshold for statistical significance on p<0.00083 based on 300 tests. With the merged cohorts, we had 80% power to detect differences, for example, of 1% and 2.7% or 2% and 4% between patients and controls, with p<0.0005. Power was calculated using the online tool at http://powerandsamplesize.com/Calculators/Compare-2-Proportions/2-Sample-Equality.

Results

Quality control and variants identified

The average coverage of the five genes range between 237X -1592X in the different cohorts, and the percentages of read depth of the targeted genes were 93.07% and 88.76% of the bases covered by at least 20X and 50X respectively, and the coverage of each gene was nearly identical in the three cohorts (coverage depth and average coverage for each gene in each cohort are detailed in Supplementary Table S3). We identified a total of 788 rare variants in these five genes. The distribution of rare variants across the coding region and functional domains is available across cohorts and sequencing depth (Supplementary Table S4).

Association of rare variants and risk of Parkinson's disease

To further investigate whether rare variants in these five genes contribute to PD risk, we conducted a gene-based burden test and found no significant results within cohorts and depths across mutation type (Table 1). SKAT-O test for enrichment of all variant groups across the entire gene region in each cohort and sequencing depth suggested that DNAJC13 variants were nominally enriched in PD patients in the Sheba cohort (p=0.0426) and were driven by nonsynonymous variants (p=0.0002) (Table 1). However, this association was driven by higher frequency of nonsynonymous variants in controls (1.9%) than in PD patients (1.1%, Supplementary Table S5), demonstrating that nonsynonymous variants in this gene are not associated with higher risk of PD. In all other four genes there were no statistically significant associations in any of the cohorts tested (Table 1).

Discussion

Our study, which included full sequencing of UCHL1, GIGYF2, HTRA2, DNAJC13 and EIF4G1 in 3 cohorts, identified 788 rare variants (MAF <0.01) that are nonsynonymous, loss-of-function, predicted to be pathogenic by CADD scores, or affect splicing in coding regions of the gene and splice sites. Our results do not support a role for any of these genes in PD.

Of the five genes, DNAJC13 in the Sheba cohort showed nominal association with controls driven by nonsynonymous variants with higher frequency in controls compared to PD cases. A previously reported variant, p.L1207W [START_REF] Ross | Analysis of DNAJC13 mutations in French-Canadian/French cohort of Parkinson's disease[END_REF], was detected in all 3 cohorts, but had similar frequencies between cases and controls (Columbia), greater frequency in controls than cases (McGill) or were found exclusively in controls (Sheba, Supplementary Table S6-S8). The original DNAJC13 association were described in a large-multi-incident family of Dutch-German-Russian-Mennonite ancestry that presented with autosomal dominant PD, where a p.N855S coding variant only partially co-segregated with disease status. Since the original description, several studies have reported other genetic variants in Italian cohorts (p.R903K) [START_REF] Gagliardi | DNAJC13 mutation screening in patients with Parkinson's disease from South Italy[END_REF] and Taiwanese cohorts (p.G394V and p.R1382H), yet the pathogenicity of these variants has not been confirmed. In addition, other previously described variants did not segregate by disease (p.R1516H and p.L2170W) [START_REF] Ross | Analysis of DNAJC13 mutations in French-Canadian/French cohort of Parkinson's disease[END_REF], and in cohorts with sparse number of probands with rare variants in DNAJC13 [START_REF] Gagliardi | DNAJC13 mutation screening in patients with Parkinson's disease from South Italy[END_REF][START_REF] Lin | A clinical and genetic study of early-onset and familial parkinsonism in taiwan: An integrated approach combining gene dosage analysis and next-generation sequencing[END_REF]. No other study was able to confirm the pathogenicity of the DNAJC13 p.N855S variant. Moreover, in the same Dutch-German-Russian-Mennonite family, another gene, TMEM230, has been reported to be associated with PD instead of DNAJC13. Similar to DNAJC13, TMEM230 had imperfect disease segregation within the family [START_REF] Deng | Identification of TMEM230 mutations in familial Parkinson's disease[END_REF]. These inconsistent results, together with the negative results in the current study and previous studies [START_REF] Foo | DNAJ mutations are rare in Chinese Parkinson's disease patients and controls[END_REF][START_REF] Lorenzo-Betancor | DNAJC13 p.Asn855Ser mutation screening in Parkinson's disease and pathologically confirmed Lewy body disease patients[END_REF] call into question a role for DNAJC13 in PD.

The role of HTRA2 in PD was initially suggested as two missense variants (p.G399S and p.A141S) were reported to be associated with PD [START_REF] Strauss | Loss of function mutations in the gene encoding Omi/HtrA2 in Parkinson's disease[END_REF]. Subsequently, the p.G399S variant co-segregated with PD and essential tremor (ET) in a large Turkish family (Unal [START_REF] Gulsuner | Mitochondrial serine protease HTRA2 p.G399S in a kindred with essential tremor and Parkinson disease[END_REF], providing further evidence of its potential role in PD. Additional variants were reported in Belgian (p.R404W) [START_REF] Bogaerts | Genetic variability in the mitochondrial serine protease HTRA2 contributes to risk for Parkinson disease[END_REF], Chinese (IVS5+29T>A) [START_REF] Wang | Genetic variations of Omi/HTRA2 in Chinese patients with Parkinson's disease[END_REF], and Taiwanese (p.P143A) PD patients [START_REF] Lin | Novel variant Pro143Ala in HTRA2 contributes to Parkinson's disease by inducing hyperphosphorylation of HTRA2 protein in mitochondria[END_REF], yet without evidence for pathogenicity. Evidence for the p.G399S variant remains elusive even after several large-scale studies with PD in various populations worldwide [START_REF] Kruger | A large-scale genetic association study to evaluate the contribution of Omi/HtrA2 (PARK13) to Parkinson's disease[END_REF][START_REF] Ross | Genetic variation of Omi/HtrA2 and Parkinson's disease[END_REF][START_REF] Simon-Sanchez | Sequencing analysis of OMI/HTRA2 shows previously reported pathogenic mutations in neurologically normal controls[END_REF]. Moreover, the p.G399S mutations has been associated with ET, yet in subsequent studies of ET and PD, there was no significant evidence of an association of this variant with PD [START_REF] He | Mutation Analysis of HTRA2 Gene in Chinese Familial Essential Tremor and Familial Parkinson's Disease[END_REF]. Similar to DNAJC13, there are insufficient data to conclude that this gene is associated with PD.

Since the first description of the association of EIF4G1 variants (p.R1205H and p.A502V) with PD [START_REF] Chartier-Harlin | Translation initiator EIF4G1 mutations in familial Parkinson disease[END_REF], numerous subsequent studies could not conclude that EIF4G1 variants caused or associated with PD [START_REF] Nuytemans | Whole exome sequencing of rare variants in EIF4G1 and VPS35 in Parkinson disease[END_REF][START_REF] Schulte | Variants in eukaryotic translation initiation factor 4G1 in sporadic Parkinson's disease[END_REF][START_REF] Siitonen | Mutations in EIF4G1 are not a common cause of Parkinson's disease[END_REF][START_REF] Tucci | Study of the genetic variability in a Parkinson's Disease gene: EIF4G1[END_REF]. It is possible that the p.R1205H variant is not highly penetrant, as it was found in the original study [START_REF] Chartier-Harlin | Translation initiator EIF4G1 mutations in familial Parkinson disease[END_REF] and in another family where it co-segregated with PD [START_REF] Nuytemans | Whole exome sequencing of rare variants in EIF4G1 and VPS35 in Parkinson disease[END_REF]; however, it was also reported in three controls [START_REF] Schulte | Variants in eukaryotic translation initiation factor 4G1 in sporadic Parkinson's disease[END_REF]. Ethnic differences could account for the lack of findings as these variants were not found in several Asian ethnicities [START_REF] Chen | VPS35 Asp620Asn and EIF4G1 Arg1205His mutations are rare in Parkinson disease from Southwest China[END_REF][START_REF] Li | Analysis of EIF4G1 in ethnic Chinese[END_REF][START_REF] Nishioka | EIF4G1 gene mutations are not a common cause of Parkinson's disease in the Japanese population[END_REF][START_REF] Sudhaman | VPS35 and EIF4G1 mutations are rare in Parkinson's disease among Indians[END_REF][START_REF] Zhao | Analysis of EIF4G1 in Parkinson's disease among Asians[END_REF]. Interestingly, in the present study, the p.R1205H variant was found exclusively in controls in the McGill and Columbia cohorts. Given the multiple negative results and the presence of the p.R1205H in multiple controls, EIF4G1 is unlikely to play a role in PD.

GIGYF2 was initially reported in a cohort composed of Italian and French PD patients [START_REF] Lautier | Mutations in the GIGYF2 (TNRC15) gene at the PARK11 locus in familial Parkinson disease[END_REF]), yet subsequent studies in Portuguese and US cohorts did not find evidence of association with PD [START_REF] Bras | Lack of replication of association between GIGYF2 variants and Parkinson disease[END_REF]. Numerous additional studies, including in a different Italian cohort and multiple other ethnicities, also failed to identify an association of GIGYF2 variants with PD [START_REF] Bartonikova | New endemic familial parkinsonism in south Moravia, Czech Republic and its genetical background[END_REF][START_REF] Bonetti | GIGYF2 variants are not associated with Parkinson's disease in Italy. Movement disorders[END_REF][START_REF] Fonzo | GIGYF2 mutations are not a frequent cause of familial Parkinson's disease[END_REF][START_REF] Guo | GIGYF2 Asn56Ser and Asn457Thr mutations in Parkinson disease patients[END_REF][START_REF] Huo | Genetic analysis of indel markers in three loci associated with Parkinson's disease[END_REF][START_REF] Lesage | Follow-up study of the GIGYF2 gene in French families with Parkinson's disease[END_REF][START_REF] Li | No evidence for pathogenic role of GIGYF2 mutation in Parkinson disease in Japanese patients[END_REF][START_REF] Meeus | GIGYF2 has no major role in Parkinson genetic etiology in a Belgian population[END_REF][START_REF] Nichols | Variation in GIGYF2 is not associated with Parkinson disease[END_REF][START_REF] Samaranch | Analysis of the GIGYF2 gene in familial and sporadic Parkinson disease in the Spanish population[END_REF][START_REF] Tan | Non-synonymous GIGYF2 variants in Parkinson's disease from two Asian populations[END_REF][START_REF] Tan | Summary of GIGYF2 studies in Parkinson's disease: the burden of proof[END_REF][START_REF] Tian | Mutation analysis of LRRK2, SCNA, UCHL1, HtrA2 and GIGYF2 genes in Chinese patients with autosomal dorminant Parkinson's disease[END_REF][START_REF] Vilarino-Guell | Reported mutations in GIGYF2 are not a common cause of Parkinson's disease[END_REF][START_REF] Wang | Novel GIGYF2 gene variants in patients with Parkinson's disease in Chinese population[END_REF]Wang, L. et al., 2011;[START_REF] Yang | Systematically analyzing rare variants of autosomal-dominant genes for sporadic Parkinson's disease in a Chinese cohort[END_REF][START_REF] Zhang | The contribution of GIGYF2 to Parkinson's disease: a meta-analysis[END_REF][START_REF] Zhang | GIGYF2 Asn56Ser mutation is rare in Chinese Parkinson's disease patients[END_REF][START_REF] Zimprich | PARK11 gene (GIGYF2) variants Asn56Ser and Asn457Thr are not pathogenic for Parkinson's disease[END_REF]. It is therefore very unlikely that GIGYF2 is associated with PD.

The association of UCHL1 was initially reported with the common p.S18Y variant [START_REF] Lincoln | Low frequency of pathogenic mutations in the ubiquitin carboxyterminal hydrolase gene in familial Parkinson's disease[END_REF], and while several studies initially supported this association [START_REF] Maraganore | UCHL1 is a Parkinson's disease susceptibility gene[END_REF][START_REF] Ragland | Association between the ubiquitin carboxylterminal esterase L1 gene (UCHL1) S18Y variant and Parkinson's Disease: a HuGE review and meta-analysis[END_REF] other studies have failed to demonstrate that any UCHL1 variants are associated with increased risk of PD [START_REF] Elbaz | S18Y polymorphism in the UCH-L1 gene and Parkinson's disease: evidence for an age-dependent relationship[END_REF][START_REF] Healy | UCHL-1 is not a Parkinson's disease susceptibility gene[END_REF][START_REF] Levecque | No genetic association of the ubiquitin carboxy-terminal hydrolase-L1 gene S18Y polymorphism with familial Parkinson's disease[END_REF][START_REF] Mellick | The ubiquitin carboxy-terminal hydrolase-L1 gene S18Y polymorphism does not confer protection against idiopathic Parkinson's disease[END_REF][START_REF] Momose | Association studies of multiple candidate genes for Parkinson's disease using single nucleotide polymorphisms[END_REF][START_REF] Satoh | A polymorphic variation of serine to tyrosine at codon 18 in the ubiquitin Cterminal hydrolase-L1 gene is associated with a reduced risk of sporadic Parkinson's disease in a Japanese population[END_REF][START_REF] Savettieri | Lack of association between ubiquitin carboxy-terminal hydrolase L1 gene polymorphism and PD[END_REF][START_REF] Wang | ACT and UCH-L1 polymorphisms in Parkinson's disease and age of onset[END_REF][START_REF] Wintermeyer | Mutation analysis and association studies of the UCHL1 gene in German Parkinson's disease patients[END_REF][START_REF] Zhang | Association between a polymorphism of ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) gene and sporadic Parkinson's disease[END_REF]. Since the UCHL1 p.S18Y is common, it should have been discovered in the large European and Asian GWASs [START_REF] Foo | Identification of Risk Loci for Parkinson Disease in Asians and Comparison of Risk Between Asians and Europeans: A Genome-Wide Association Study[END_REF]Nalls et al., 2019) yet it has not. In the present study, rare variants in UCHL1 also did not demonstrate any association with PD. Given with the lack of effect of common variants, UCHL1 is unlikely to be involved in PD.

Our study has several limitations, including the lack of age and sex matching between patients and controls. However, in the Columbia cohort the controls were older than the patients, whereas in the other two cohorts the controls were younger, yet no significant associations were found in any, suggesting that age did not affect the current results. In addition, it is possible that control subjects develop PD in the future, specifically in those cases where variants were found exclusively in controls. Since the risk of PD is about 1-2% in the control population, the effect on the results would likely be minor, even if a few individuals did develop PD. To increase statistical power, we merged the three cohorts for burden and SKAT-O analyses. No population-adjustments were applied in the merged cohort analysis. However, the stratified analyses demonstrated that differences in sample sizes and disease risk that may occur between populations did not produce spurious associations in the merged cohort. Another limitation of our burden analyses is that since these are rare variant analyses, they do not include adjustments for covariates, since these covariates are likely to have small or no effect. Lastly, despite being a large study, we cannot completely rule out that very rare variants or more common variants with a very small effect on risk could be involved in PD in one or more of five tested genes. The fact that many large studies, including GWASs, genotyping and sequencing studies have so far mostly failed to detect associations, makes this possibility seem unlikely.

Altogether, the present study and the survey of existing literature strongly indicate a lack of association of PD with UCHL1, HTRA2, GIGYF2, EIF4G1 and DNAJC13. The PARK aliases that these genes have received may lead to confusion and continue to inspire basic and clinical research as PD models. As the evidence suggests these genes are not associated with PD, we recommend removing the PARK designation off these genes. SKAT-O and burden analysis results for each gene, across cohort and coverage depth for mutation type 

  Abbreviations: SKAT: Sequence Kernel Association Test; SKAT-O: Optimized Sequence Kernel Association Test; CADD: Combined Annotation Dependent Depletion; NV: No Variant
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